The related type IV pilins produced by Pseudomonas aeruginosa, Neisseria gonorrhoeae, Bacteroides nodosus, and Moraxella bovis are synthesized as precursors with short, six-or seven-amino acid N-terminal leader peptides. We have previously observed that P. aeruginosa mutations in pilD, a gene required for pilus biogenesis, result in the accumulation of unprocessed prepilin in the membrane and a general defect in the excretion of a number of extracellular enzymes. An endopeptidase activity has been detected in detergentsolubilized inner membrane of P. aeruginosa and shown to correctly cleave the prepilin of P. aeruginosa and N. gonorrhoeae. It is absent from pil) mutants, increased by pill overexpression, and conferred on Escherichia coli by the introduction of the pil) gene. The pilD gene product, purified by immunoaffmity chromatography with antibody to a PilD-
derived synthetic peptide, was identified with the endopeptidase. PilD appears to be a prototype of a class of enzymes that process not only type IV pilin precursors but also components of a protein-excretion apparatus of Gram-negative bacteria.
Extracellular localization (excretion) of proteins by Gramnegative microorganisms, a process involving the transfer of newly synthesized polypeptides across the double membrane barrier, was initially thought to be restricted to only a few species. Recently, however, it has become apparent that many such bacteria synthesize proteins that function outside the cell (refs. 1-4; for review, see ref. 5 ). These include hydrolytic enzymes, surface appendages, and exotoxins (6) (7) (8) .
Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, produces a number of extracellular enzymes that cause extensive tissue damage during infection (9, 10) . Its adhesion to epithelial cells is thought to be mediated by pili associated with the bacterial cell surface (11) (12) (13) . Each pilin subunit is synthesized as a precursor (prepilin) with a 6-residue leader sequence. This relatively short sequence is positively charged and lacks the stretch of hydrophobic residues that characterizes the signal sequence of most exported proteins. The leader sequence of P. aeruginosa prepilin (14) and the next 30 amino acids share a high degree of homology with prepilins from other Gram-negative pathogens, including Neisseria gonorrhoeae (15) , Moraxella bovis (16) , and Bacteroides nodosus (17) (collectively called the type IV, or N-methylphenylalanine, pilins) as well as Vibrio cholerae (18) .
We have previously identified three genes, pilB, pilC, and pilD, that encode products necessary for the assembly ofpilin monomers into functional pili (19) . Mutations in one of these accessory genes, pilD, block the processing of prepilin to pilin. This phenotype suggests that the pilD gene encodes either a proteolytic enzyme or a protein required for the activity of such an enzyme.
In this paper we report the identification of a prepilin cleavage activity, encoded by pilD, in the inner membrane of P. aeruginosa. The pilD product was purified to homogeneity and was shown to correctly cleave the leader sequence from the prepilins ofP. aeruginosa and N. gonorrhoeae. The PilD peptidase may also process components of a machinery necessary for the excretion of certain proteins, since pilD mutants of P. aeruginosa accumulate these proteins, in their mature form, in the bacterial periplasmic space (20) .
MATERIALS AND METHODS
Construction of PilD-and Pilin-Overexpressing Plasmids. A PilD-overexpressing plasmid was constructed by the following method. A 1015-base-pair (bp) Sal I-Xba I fragment, derived from pDN18X2 (19) and containing the entire coding sequence of PilD, was subcloned into bacteriophage M13mpl8. A BamHI site and an efficient ribosome binding sequence (5'-GGATCCAAGGATTAATCCATG-3') were introduced immediately upstream of the initiating methionine codon of PilD by oligonucleotide-directed mutagenesis (21) . The modified pilD sequence was subcloned into pMMB66EH to generate pRBS-L. Plasmid pMMB66EH is a broad-hostrange vector, with expression of cloned genes under the control of the inducible tac promoter (22) . A plasmid overexpressing the pilin of P. aeruginosa strain PAK, pMStac27PD, was constructed as described (23) . A plasmid overexpressing N. gonorrhoeae MS11 pilin was constructed by cloning a 660-bp Mst II-EcoRI fragment containing the promoterless pilin gene from pNG1100-BH4 (15) into Sma I/EcoRI-digested pMMB66HE (22) to generate pMMB-NG.
Preparation of Prepilin Substrates for in Vitro Assay. Plasmids pMStac27PD and pMMB-NG were introduced by conjugation into the P. aeruginosa pilD mutant B30 (19) or B30-NP (pilD mutant B30 containing a lesion in the pilin structural gene, pilA), respectively. One-liter cultures of the strains containing the pilin constructions were grown to an OD6w of 0.5 in minimal medium A (24) supplemented with 1% (vol/vol) glycerol and 50 mM monosodium glutamate. Isopropyl P-D-thiogalactopyranoside (IPTG, 200 ,g/ml) was added to each culture and growth was allowed to continue until an OD6,o of 2.0 was reached. Cells were harvested by centrifugation, washed and resuspended in 0.05 volume of 25 mM triethanolamine-HCl (pH 7.5), and broken by sonication. After low-speed centrifugation to remove unbroken cells, the supernatants were centrifuged at 150,000 x g for 1 hr and the resultant membrane pellets were washed and resuspended at 25 mg/ml (total protein) in 25 mM triethanolamine HCI, pH 7.5/10% glycerol ("crude" prepilin). In the pilin-overproducing strains, prepilin comprised 50%o of the total membrane protein as estimated by SDS/PAGE. To further purify Abbreviation: IPTG, isopropyl -D-thiogalactopyranoside.
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Twenty micrograms of the purified P. aeruginosa PAK prepilin was blotted to poly(vinylidene difluoride) paper (25) and subjected to N-terminal amino acid sequence analysis. The first six residues of the purified protein corresponded to those of the prepilin leader sequence deduced from the nucleotide sequence of PAK pilin (14) in SDS/tricine/15% polyacrylamide gels (27) . Prepilin cleavage activity was quantitated by preparing 2-fold dilutions of the material to be tested before addition to the assay mixture described above. One unit ofcleavage activity was defined as that amount required to convert 50%o of the prepilin to the mature form as estimated by staining with Coomassie blue R.
Preparation of Antibodies to PilD-Derived Peptide. A synthetic peptide (Glu-Arg-Asn-Trp-Lys-Ala-Glu-Ala-Arg-GluAla-Leu-Gly-Leu-Glu-Pro-Lys-Gln-Cys) corresponding to residues 41-58 of PilD (19) was synthesized at the Fred Hutchinson Cancer Research and Biotechnology Center (Seattle). An additional cysteine residue was added at the C terminus to allow conjugation of the peptide to keyhole limpet hemocyanin by the heterobifunctional crosslinking reagent m-maleimidobenzoyl N-hydroxysuccinimide ester (28) . The peptide-hemocyanin conjugate was used to immunize (primary and booster injections) New Zealand White rabbits at 1-month intervals.
IgG was purified from crude antisera by ammonium sulfate precipitation and DEAE chromatography (28) . The PilDderived peptide was conjugated to a Sulfo-link column (Pierce) through the C-terminal cysteine residue. Total IgG was applied to the affinity column and the application was repeated three times. After glycerol/4% Triton X-100. After centrifugation at 150,000 x g for 1 hr, the clarified supernatant was applied to a DEAESephacel (Sigma) column (3-ml bed volume), washed with 25 mM triethanolamine-HCl, pH 7.5/10% glycerol/1% Triton X-100, and eluted with the same buffer containing 200 mM NaCl. Three milliliters of the protein eluted from the DEAESephacel column was incubated with 1 ml of the anti-PilD IgG-protein A-Sepharose conjugate in 25 mM triethanolamine HCl, pH 7.5/10% glycerol/1% Triton X-100 overnight at 4°C with gentle agitation. After the incubation, the suspension was placed in a 10 x 70-mm plastic column and washed with 25 mM triethanolamine HCI, pH 7.5/10% glycerol/1% Triton X-100/200 mM NaCl. Bound protein was eluted with 100 mM glycine HCI, pH 2.5/1% Triton X-100 and immediately neutralized with 0.2 volume of 1 M triethanolamine HCI (pH 7.5). The eluted protein was stored at -20°C in 50% (vol/vol) glycerol.
RESULTS
In Vitro Processing of Prepilin. Cleavage of prepilin to mature pilin was demonstrated in vitro. The substrate was crude prepilin prepared from total membranes of the P. aeruginosa pilD mutant PAK-B30 carrying the pilinoverexpressing plasmid pMStac27PD. The source of enzyme was total membranes from P. aeruginosa PAK-NP, a mutant unable to synthesize prepilin. The two membrane preparations were mixed and the reaction was monitored by SDS/ PAGE as the appearance of a band with increased mobility, comigrating with mature pilin.
The cleavage reaction required phospholipids and detergents in the assay mixture. Among the phospholipids tested, acidic phospholipids were most effective. Fig. 1 ,ug/ml) had little or no effect. Dithiothreitol (1 or 50 mM) stimulated prepilin cleavage 2-fold. Pretreatment of detergent-solubilized membranes with the thiol-reactive compounds N-ethylmaleimide or p-chloromercuribenzoate, strongly inhibited cleavage. The inhibitory effect of p-chloromercuribenzoate was completely reversible by the addition of excess dithiothreitol prior to the addition of prepilin substrate. These results suggest that the prepilin peptidase contains reactive cysteine residues essential for its activity.
The related prepilin of N. gonorrhoeae MS11 was also examined for in vivo and in vitro processing by the P. aeruginosa prepilin peptidase. The cloned N. gonorrhoeae MS11 pilin gene was introduced into the pilinless P. aeruginosa PAK-NP (pilA) and the pilDpilA mutant B30-NP. The precursor form of N. gonorrhoeae pilin was present in-the membranes of the latter (Fig. 2, lane 3) in contrast to the mature form seen in membranes of PAK-NP (lane 1). Incubation of membranes containing the N. gonorrhoeae MS11 prepilin with P. aeruginosa PAK-NP membranes showed complete conversion of the prepilin to the mature form (lane 4).
Localization of Pilin Peptidase Activity. Cells of P. aeruginosa PAK-NP were separated into cytoplasm, periplasm, and total membrane components. Prepilin peptidase activity was found only in the total membranes (data not shown). Further separation of cytoplasmic and outer membrane showed cleavage activity exclusively in the cytoplasmic membrane (Fig. 3A) . Immunoblotting with anti-PilD peptide Fig. 1 . antibody similarly showed PilD antigen only in the cytoplasmic membrane (Fig. 3B) .
Overexpression of PiID in P. aeruginosa PAK-NP and Escherichia coli. To confirm the identity of prepilin cleavage activity with PilD, plasmid pRBS-L, containing the pilD gene under the control of the tac promoter, was used to overproduce PilD in P. aeruginosa PAK-NP. Membranes prepared from IPTG-induced cultures of P. aeruginosa PAK-NP (pRBS-L) showed 32-fold more activity than membranes prepared from PAK-NP containing the vector pMMB66EH, without pilD.
To further correlate pilD expression and prepilin cleavage, the same plasmids were introduced into E. coli. Only membranes prepared from the strain containing pilD were able to cleave crude or purified PAK prepilin (Fig. 4, lanes 3 and 5) . The activity in E. coli, the increased cleavage activity in P. aeruginosa overexpressing pilD, and the absence of prepilin processing in apilD mutant ofP. aeruginosa strongly suggest that the product of pilD is the peptidase responsible for processing prepilin into the mature product. To establish this conclusion more firmly, PilD protein was purified from crude detergent-solubilized membrane of P. aeruginosa PAK-NP (pRBS-L).
Purification of PilD. Following elution from an anionexchange column, PilD was purified by immunoaffinity chro- matography, using an antibody to a synthetic peptide derived from the most hydrophilic portion of the deduced PilD amino acid sequence. Fractions from each of the purification steps were analyzed by SDS/PAGE (Fig. 5) . The purified PilD protein appears as a single polypeptide with an apparent size of =25 kDa. Eighty micrograms of purified ND was obtained from 75 mg of total membrane protein, with a specific activity of 400,000 units/mg of protein and an overall enrichment of 100-fold, per mg of protein, over the activity of detergentsolubilized total membranes.
Prepilin cleavage activities of purified PilD and crude PAK-NP membranes were further compared using purified prepilin as substrate (Fig. 6) . Efficient cleavage was observed with immunoaffinity-purified PilD. This result provides conclusive evidence that PilD is the prepilin leader peptidase.
To assess the fidelity of in vitro PilD-mediated prepilin cleavage, the N termini of the products of cleavage from P. aeruginosa and N. gonorrhoeae were determined. In each case, the N-terminal residue was phenylalanine, indicating that the purified peptidase had correctly cleaved both prepilins.
DISCUSSION
Cleavage of the leader peptide from precursors of various secreted proteins in Gram-negative bacteria is accomplished by one of two proteolytic enzymes (leader peptidases I and II) that introduce a cut at a specific site (31). Here we report the identification and purification of a peptidase from the inner membrane of P. aeruginosa that cleaves the six-amino acid leader sequence from the precursor of pilin. The prepilin cleavage reaction requires nonionic detergents and phospho- lipids to maintain solubility of the enzyme and substrate. The insensitivity of prepilin cleavage to high concentrations of salt and its inhibition by sulfhydryl reagents suggest that prepilin peptidase is quite different from the leader peptidases described previously (31) .
We have previously shown that pilD mutants of P. aeruginosa PAK are unable to process prepilin to the mature form (19) . Conversely, membranes prepared from the same organism overexpressing pilD show a substantial increase in prepilin cleavage activity. The pilD gene introduced into E.
coli also confers activity to this organism.
Using anion-exchange and immunoaffinity purification, we have isolated a homogeneous preparation of PilD. The cleavage of P. aeruginosa prepilin by this protein generated the mature product with the same size and N terminus as the subunits isolated from pili. The high level of enzymatic activity of the purified PilD on the purified prepilin substrate demonstrated that PilD is the prepilin leader peptidase and does not require any additional protein cofactors.
We have also demonstrated that PilD is capable of cleaving the prepilin of N. gonorrhoeae, suggesting that proteolytic enzymes similar to PilD are present in the other genera that possess type IV pili. In confirmation, total membranes prepared from N. gonorrhoeae and M. bovis are able to cleave P. aeruginosa PAK prepilin in vitro (data not shown).
We have recently observed that P. aeruginosa pilD mutants are also deficient in the excretion of a number of exoenzymes, which instead accumulate in the periplasmic space (20) . These include exotoxin A, phospholipase C, alkaline phosphatase, and elastase. None of these proteins are synthesized with leader sequences similar to that of the pilin subunit. Moreover, for one of these proteins the periplasmic form has been shown to be the mature, cleaved protein (20) . PilD evidently acts on components of an excretion apparatus for these proteins, rather than on the excreted proteins themselves.
Though the pilD protein-excretion defect causes mature exotoxin A to accumulate in the periplasm, a block in excretion caused by ethanol, as reported previously (32) , results instead in the accumulation of the precursor form on the surface of the outer membrane, with none found in the periplasm. The latter finding suggests that the precursor normally flows to the exterior via intermembrane junctions rather than across two distinct membranes, whereas the accumulation of exotoxin in the pilD mutant suggests that the precursor is cleaved in the cytoplasmic membrane and finally transported across the outer membrane.
Since these two mechanisms are incompatible, it seems likely that one of the accumulations is an artifact. If the protein is normally excreted via intermembrane junctions, the ethanol-induced accumulation of exotoxin precursor would be ascribed, as postulated earlier, to inhibition of a special cleavage reaction in the junction. The pilD-induced accumulation of mature exotoxin A could then be ascribed to the following sequence: a defect in the apparatus in the intermembrane junction, blocking the entry of the precursor; accumulation in the inner membrane; and contact with leader peptidase resulting in the cleavage ofthe leader sequence and release to the periplasm. In the alternative route via the periplasm, the pilD effect would be due to a block of transfer of the protein from the periplasm to the outer membrane, and the ethanol effect to a block in cleavage by leader peptidase in the inner membrane. In the latter event, the accumulating precursor, attached by its leader sequence but not fitting stably into the inner membrane, would be shunted abnormally through intermembrane junctions to the outer membrane. At present, the choice between the pathways remains unsettled.
PilD may be a prototype for a class of proteins with a range of functions in macromolecule excretion or uptake. A Kleb- siella pneumoniae protein encoded by the pulO gene and required for the extracellular secretion of pullulanase (33) shows 47% identity and 67% similarity to the amino acid sequence of PilD. Moreover, ComC, a protein required by Bacillus subtilis for competence and DNA uptake (34) , shows 30% identity and 58% similarity to PilD.
If PulO and ComC are similar in function to PilD, their substrates should resemble the type IV pilin. In support of this conclusion, three proteins (PulG, -I, and -J) required for pullulanase excretion by K. pneumoniae (35) , and three proteins encoded by the comG operon of B. subtilis (36), required for competence or DNA uptake, share significant amino acid homology with the pilin of P. aeruginosa. Fig. 7 shows an alignment of the N termini of these proteins. The most striking homologies are found in the region immediately surrounding the cleavage site of the type IV pilins and in the hydrophobic character of a stretch of 16-18 residues following this region, as indicated by the consensus sequence shown in Fig. 7 . It is reasonable to assume that the pilin-like proteins PulG, -I and -J and the three comG-encoded proteins are cleaved by the PilD homologues, PulO or ComC, respectively.
It is doubtful that pilin itself is part of a protein-excretion machinery, because in P. aeruginosa PAK, structural gene mutations that prevent its synthesis do not interfere with excretion ofphospholipase C or exotoxin A (data not shown). Instead, it is likely that type IV pilin-like proteins will be found in structural components of an apparatus for protein excretion in P. aeruginosa and in many other bacteria.
